complexes. These results suggest that the MBP binding geometry is a malleable interaction, particularly for certain ligands, and that the identity of the donor atoms influences the response of the ligand to changes in the protein active site environment. Understanding underlying interactions between a MBP and a metalloenzyme active site may aid in the design and development of potent metalloenzyme inhibitors.
Introduction
Metalloenzymes comprise a significant portion of known enzymes [1] and are promising as therapeutic targets [2] due to their roles in a variety of diseases and infections, including glaucoma [3] , cancer [4] , and HIV [5] . Metalloenzymes can be inhibited by small molecules possessing metal-binding pharmacophores (MBPs) that coordinate to the active site metal ion [6] . Historically, MBPs such as carboxylic acids, phosphates, thiols, and hydroxamic acids have been utilized, but in recent years a broader repertoire of pharmacophores has been investigated [2, [7] [8] [9] [10] . However, a detailed understanding of how the coordination chemistry of these MBPs is influenced and altered by the metalloenzyme active site is still lacking. We and others have found that the interactions of MBPs with the enzyme active site, including both the primary [11] and secondary [12] coordination spheres around the metal ion, can have a profound influence on their binding geometries and affinities. These interactions and their influence on MBP binding have important implications for the design of Abstract The inhibition and binding of three metal-binding pharmacophores (MBPs), 2-hydroxycyclohepta-2,4,6-trien-1-one (tropolone), 2-mercaptopyridine-N-oxide (1,2-HOPTO), and 2-hydroxycyclohepta-2,4,6-triene-1-thione (thiotropolone) to human carbonic anhydrase II (hCAII) and a mutant protein hCAII L198G were investigated. These MBPs displayed bidentate coordination to the active site Zn(II) metal ion, but the MBPs respond to the mutation of L198G differently, as characterized by inhibition activity assays and X-ray crystallography. The L198G mutation increases the active site volume thereby decreasing the steric pressure exerted on MBPs upon binding, allowing changes in MBP coordination to be observed. When comparing the binding mode of tropolone to thiotropolone or 1,2-HOPTO (O,O versus O,S donor sets), structural modifications of the hCAII active site were shown to have a stronger effect on MBPs with an O,O versus O,S donor set. These findings were corroborated with density functional theory (DFT) calculations of model coordination Electronic supplementary material The online version of this article (doi:10.1007/s00775-017-1454-3) contains supplementary material, which is available to authorized users. metalloenzyme inhibitors, as little is understood how MBPs respond to changes in metalloprotein active site structure.
Model complexes have often been used to interrogate the influence of the active site environment on MBP coordination [13, 14] . Despite major advances in their development in mimicking the coordinating residues and the first coordination sphere of an active site [15] , model complexes still struggle to mimic the nuanced details of the second coordination sphere of a metalloenzyme active site. These key second coordination sphere interactions, which are usually absent in model complexes, can have a significant impact on inhibitor binding and selectivity and as such should not be neglected. Important second coordination sphere interactions that control selectivity include sterics, hydrogen bonding, and electrostatics. These interactions may force MBPs to coordinate to the metal center in a non-idealized, distorted geometry relative to model complexes.
Our group previously highlighted the differences between predicted and observed MBP binding based on model complexes and MBP binding in a metalloenzyme active site. This was achieved by comparing the binding of various MBPs to human carbonic anhydrase II (hCAII) and a Zn(II) model complex that employed a (hydrotris (5,3-methylphenylpyrazolyl) (Fig. 1) . In contrast, the complex of 1,2-HOPTO with hCAII showed bidentate binding as well, but with a highly distorted, non-ideal dihedral angle of ~130° (Fig. 1 ).
The thiomaltol model complex [(Tp Ph,Me )Zn(thiomaltol)] was similar to that observed with 1,2-HOPTO, but when bound to hCAII, the thiomaltol complex deviated even more dramatically, displaying monodentate coordination to the Zn(II) ion via only the sulfur donor atom, as well as a compressed dihedral angle <180°. From the differences in MBP binding to the Tp Ph,Me complex and hCAII it was determined that the active site pocket and steric influences had a major influence on MBP binding. To understand these differences, density functional theory (DFT) calculations were performed utilizing the [(Tp Ph,Me )Zn(MBP)] complexes. The DFT calculations demonstrated that MBP coordination with a larger dihedral angle was energetically favorable as was bidentate coordination (as opposed to the monodentate coordination observed with thiomaltolhCAII). The computational results provided further support for the influence of the second coordination sphere on the coordination geometries of MBPs to metalloenzymes.
In the present work, to further probe the influence of protein active sites on observed binding geometry, particularly steric influences, a mutation that decreases the steric influence of the hCAII active site was investigated. A previous study on L198 mutants of hCAII revealed that the polarity of residue 198 modulated the inhibitory activities of the known hCAII inhibitors, acetazolamide and dansylamide [17] . From the results of this study and the location of residue 198 in the active site, it was hypothesized that a L198G mutation would decrease the steric congestion of the active, allowing MBPs to form less distorted complexes with hCAII L198G. Therefore, using the hCAII L198G mutant, we probed the effects of decreased steric pressure on the selectivity and binding mode of several MBPs to hCAII versus hCAII L198G by screening a library of MBP fragments and crystallizing select hCAII-MBP complexes to determine their mode of binding. The results reveal that the binding of a MBP in a metalloenzyme active site depends on the size and shape of [12] the active site, the active site residues, and on the identity of the donor atoms of the MBP that are coordinated to the active site metal ion. Additionally, DFT calculations were performed to estimate the energetic costs for differences in dihedral angle and coordination geometry for the observed complexes.
Materials and methods

Chemicals
The MBP 2-hydroxycyclohepta-2,4,6-trien-1-one (tropolone) and 1-hydroxypyridine-2(1H)-thione (1,2-HOPTO) were purchased from commercial suppliers and were used without further purification. 2-Hydroxycyclohepta-2,4,6-triene-1-thione (thiotropolone) was synthesized as previously reported [18] . )Zn(OH)] complex was prepared as previously reported [8] . All other chemicals utilized in buffers or assays were purchased from chemical suppliers and used without further purification or modification. 
Synthesis and crystallization of [(Tp
CA activity assay
The plasmids encoding hCAII and hCAII L198G with a T7 RNA polymerase promotor and an ampicillin resistance gene (pACA) were generous gifts from Thomas R. Ward (U. Basel, Switzerland) and Carol A. Fierke (University of Michigan). Both hCAII and hCAII L198G were expressed and purified using previously reported methods [19] . Assays were performed in 50 mM HEPES, pH 8.0, containing not more than 5% DMSO. p-Nitrophenyl acetate was used as the substrate at a concentration of 1 mM with a final protein concentration of 100 nM. MBP fragments were added to protein solutions in 96-well plates, followed by incubation at room temperature for 15 min before addition of substrate. Absorbance at 405 nm was monitored for 20 min at 1-min intervals over a linear range. Half maximal inhibitory concentration (IC 50 ) values were determined by comparing activity of reaction wells containing fragments to the activity of a control well containing no inhibitor. Inhibitor binding constants (K i ) were derived using the Cheng-Prusoff equation [20] and verified by comparison to isothermal titration calorimetry (ITC, Supplementary Figs . S1, S2) measurements (Supporting Information). Absorbance data for all assays were performed using a BioTek Synergy HT plate reader.
CA crystallization
Crystals of hCAII and hCAII L198G were obtained by sitting drop vapor diffusion method. The concentration of the protein solution was 20 mg/mL of hCAII or hCAII L198G with 1 mM p-chloromercuri-benzoic acid in 50 mM Tris-SO 4 (pH 8.0). The precipitation solution for hCAII was 2.7-3.0 M (NH 4 ) 2 SO 4 in 50 mM Tris-SO 4 (pH 8.15). For hCAII L198G the precipitation solution was 3.0-3.1 M (NH 4 ) 2 SO 4 in 50 mM Tris-SO 4 (pH 8.15). For growing hCAII and hCAII L198G crystals, protein and precipitant solution were added in ratios ranging from 0.5:1 to 1:0.5 to sitting drop wells and equilibrated against precipitant solution in a reservoir well. Crystals appeared within 2 weeks with an average size of 0.3 × 0.3 × 0.3 mm. MBP fragments were soaked into crystals by placing crystals for 2-3 days in 15-20 μL of a solution containing the MBP at high concentrations (typically between 1 and 10 mM), 1.5 M sodium citrate, 5% glycerol, and not more than 5% DMSO in 50 mM HEPES (pH 8.15).
Protein crystal structure determination
X-ray diffraction experiments on protein crystals were performed using a Bruker D8 Smart 6000 CCD detector at 100 K utilizing Cu Kα radiation (λ = 1.5478 Å) from a Bruker-Nonius FR-591 rotating anode generator. Collected data were integrated and scaled using the Bruker APEX software suite. All diffracted hCAII and hCAII L198G crystals were in the P2 1 space group. The phase problem was solved via molecular replacement using a previously solved hCAII structure (PDB:3KS3) [21] with Zn occupancy set to 0 and all water molecules deleted. Model refinement was performed by refining with REFMAC5 [22] followed by manual refinement using Coot [23] . All ligands and MBP were generated via PRODRG server [24] . Data collection and refinement statistics details for hCAII and hCAII L198G crystal structures can be found in the Supporting Information.
Density functional theory calculations
Both linear transit computations and free geometry optimizations were performed using the Gaussian 09 suite of programs [25] . All calculations were performed with Becke's three-parameter hybrid method with the Lee, Yang, and Parr correlation functional (B3LYP) [26] [27] [28] [29] and the 6-311 + G(d,p) basis set with CPCM solvation (CH 2 Cl 2 , ɛ = 8.93) [30] [31] [32] . Ligand coordination of models of Zn(II) metalloenzyme active sites has successfully been studied using the B3LYP functional previously [33] as well as free energies of water-chloride exchange in zinc chloride complexes [34] . Calculations were performed with the phenyl rings omitted to decrease computational cost; the truncated system is referred to as Zn(Tp Me ).
Results hCAII and hCAII L198G inhibition
To determine inhibition activity of MBPs against hCAII and hCAII L198G, both enzymes were screened against a library of approximately 250 MBP fragments, which was an expansion of a previous compound library [35] . Percent inhibition values from a MBP library screen at a fragment concentration of 500 µM revealed that most MBPs exhibited greater activity against the L198G mutant when compared to wild-type hCAII. Although the tropolone derivative, β-thujaplicin (4-isopropyltropolone) has been previously studied as an inhibitor of hCAII, the unsubstituted tropolone examined here has not been previously described [36] . The MBP tropolone (Table 1) exhibited about threefold to fourfold greater percent inhibition against hCAII L198G compared to hCAII. In contrast, both thiotropolone and 1,2-HOPTO (Table 1) did not exhibit significant differences in percent inhibition against hCAII and the hCAII L198G mutant, suggesting that the sulfur heteroatom in both 1,2-HOPTO and thiotropolone might play a role in retaining activity against both forms of the metalloenzyme. To confirm these observations, the inhibitor binding constant (K i ) values for the three MBPs were determined against hCAII and hCAII L198G ( Table 1) . The two sulfur-containing ligands, 1,2-HOPTO and thiotropolone, showed small differences (0.4-and 1.6-fold) in activity against the wild-type and mutant metalloenzymes. The inhibitory activity of thiotropolone is significantly greater toward either form of the enzyme than that of 1,2-HOPTO (about 6-to 23-fold). Unlike the sulfur-containing ligands, tropolone is less active than either 1,2-HOPTO or thiotropolone against hCAII and displays a greater difference in activity (5.5-fold) against hCAII L198G and hCAII. To validate that the K i values, isothermal titration calorimetry (ITC) experiments with tropolone and wildtype hCAII were performed giving a K d of 1.68 mM, which was close to the determined K i of 1.35 mM (Supplementary Fig. S1 ). To further validate these measurements, 4-(trifluoromethyl)-benzene sulfonamide was assayed and analyzed by ITC against hCAII. The results with this sulfonamide inhibitor showed a close agreement between the K i and K d values (~45 and ~70 nM, respectively, Supplementary Fig. S2 ). To better understand the origin of the similarities and differences in these K i values, crystallographic and computational studies were performed.
Crystallography of hCAII and hCAII L198G
The crystal structure of ligand-free hCAII L198G was obtained and compared to hCAII (PDB:3KS3) (Fig. 2) . The L198G mutation increases the volume of the hydrophobic pocket adjacent to the active site by 74 Å 3 (the approximate volume of a leucine side chain). In the crystal structure of the mutant, this free space is occupied by two water molecules. The larger size of the active site as shown in Fig. 2 has the potential to decrease the steric congestion exerted by the active site on bound MBPs. The crystal structures of both hCAII and hCAII L198G with tropolone bound were obtained by soaking the tropolone MBP into pre-formed crystals. The resolution for both tropolone-bound structures was obtained to 1.5 Å. As seen in Fig. 3 , the binding mode and coordination geometry of tropolone differs substantially in the two enzymes. In both structures, tropolone displays the expected bidentate coordination to the active site Zn(II) ion with Zn-O bond distances ranging from ~1.9 to ~2.4 Table S1 ). However, the coordination geometry of tropolone is much more distorted from its ideal trigonal bipyramidal binding geometry in the wildtype enzyme than in the L198G mutant (Fig. 3) . In the structure of tropolone bound to hCAII, the aromatic ring of tropolone makes considerable contact with the hydrophobic wall of the active site, including residue L198 in the case of tropolone binding to hCAII. As shown in Fig. 3 , in hCAII L198G the tropolone ring partially occupies the space vacated by the L198G mutation, while still maintaining considerable contacts with the hydrophobic wall. Two waters (not shown) occupy the residual free space. As discussed below, the measurable difference (~5.5-fold) in K i values of tropolone toward hCAII versus hCAII L198G (Table 1) can be attributed to the difference in binding geometry.
Å (Supplementary
Tropolone binding to the L198G active site adopts a binding geometry that is closer to the binding geometry Table S1 ). The dihedral angle φ (Fig. 1) for hCAII L198G is closer to ideal head-on geometry (180°), which has been shown to be energetically favorable [12] . The more favorable coordination geometry in the mutant structure correlates well with the increased inhibitory activity of tropolone against hCAII L198G compared to the wild-type hCAII.
The structures of hCAII and hCAII L198G with thiotropolone bound were obtained by soaking the MBP into pre-formed crystals. The structure of hCAII was obtained at a resolution of 1.33 Å and the structure of hCAII L198G was obtained at a resolution of 1.42 Å. The binding of thiotropolone to both enzymes was nearly identical (Fig. 4) with Zn-S and Zn-O bond distances of ~2.4 and ~2.5 Å, respectively. The resulting complexes are 5-coordinate species with almost identical trigonal bipyramidal coordination geometries. The dihedral angles φ (Zn(II) − S-O − C) of the complexes are 132° for hCAII and 137° for hCAII L198G, which are much smaller than those exhibited by tropolone. In both structures the MBP ring makes significant contacts with the hydrophobic wall of the active site, which likely contributes to the high inhibitory activity of thiotropolone. While thiotropolone makes contacts with residue L198, this MBP maintains a similar binding affinity with the L198G mutant indicating the contacts made with this residue in the wild type are not critical for strong binding. Indeed, the free volume that is created in the L198G mutation is occupied by a DMSO molecule.
To facilitate comparison to our earlier studies [12] , the MBP 1,2-HOPTO was soaked into crystals of the hCAII L198G mutant. The crystal structure of hCAII L198G with 1,2-HOPTO bound (1.42 Å resolution) shows the MBP does not change its binding geometry when compared to the same compound bound in wild-type hCAII (Fig. 5 , PDB:3M1K) [37] . In both enzymes, 1,2-HOPTO is bound in a bidentate fashion to the Zn(II) ion, with Zn-S and Zn-O bond distances of ~2.4 to ~2.6 Å creating a five-coordinate species at the metal center with a trigonal bipyramidal geometry. The dihedral angles observed for this MBP in hCAII and hCAII L198G are almost identical at 128° and 127°, respectively. The ring of 1,2-HOPTO makes some contacts with the hydrophobic wall of hCAII and hCAII L198G, including residue L198 in hCAII. The small decrease in the K i of 1,2-HOPTO for hCAII L198G (Table 1) , while maintaining nearly identical modes of binding to both hCAII and hCAII L198G, is consistent with the contacts between 1,2-HOPTO and residue L198 contributing to the binding of this ligand. As in the thiotropolone-hCAII L198G structure a DMSO molecule occupies the space created by the L198G mutation.
[(Tp Ph,Me )Zn (thiotropolone)] model complex
To understand the 'ideal' binding of thiotropolone to a tris(histidine) metal active site, a model complex of this active site was synthesized and the structure was determined by SXRD. The structure of [(Tp Ph,Me )Zn (thiotropolone)] shows thiotropolone bound in a bidentate fashion resulting in a five-coordinate complex (Fig. 6) . The complex exhibits trigonal bipyramidal coordination geometry, with a dihedral angle (Zn(II)-S-O-C) of 179° and Zn-S and Z-O bond distances of ~2.3 and ~2.1 Å, respectively. The coordination geometry is generally similar to that found for tropolone in the same model system, except for the Zn-S bond being longer and causing the coordination of thiotropolone to be slightly asymmetric when compared to tropolone, to accommodate the longer bond (Fig. 6) .
Density functional theory analysis
To better understand the observed differences in MBP binding in the tropolone and thiotropolone hCAII L198G mutant, linear transit computations utilizing DFT were per- (Fig. 1) . Free geometry optimizations were performed with the truncated model complexes using both tropolone and thiotropolone as the MBP and the resulting structures had no significant deviations from the crystallographically observed structures (Fig. 5 , and Supporting Information).
According to the linear transition computations, the donor atom bond distances increased slightly as φ decreased from an initial value of 180° until the coordination of both tropolone and thiotropolone "irreversibly" switched from a bidentate to monodentate mode of coordination. This change in coordination occurred at dihedral angles of φ = 115° and φ = 120° for [(Tp 
Discussion
Based on X-ray crystallography, thiotropolone binds to hCAII and hCAII L198G in nearly identical trigonal bipyramidal geometries. The [(Tp Ph,Me )Zn(thiotropolone)] model complex and the enzyme-thiotropolone complexes exhibited a large difference in φ, as was observed previously with 1,2-HOPTO [12] . In contrast, tropolone bound to the enzyme with a φ dihedral angle (ca. 152° and 161° for the wild-type hCAII and hCAII L198G, respectively) more in line with that of the model complex, [(Tp Ph,Me )Zn(tropolone)]. The hCAII L198G mutation cavity allows tropolone to bind to the enzyme with a larger (more ideal) φ, and the change in geometry is quite pronounced in the tropolone-hCAII L198G complex and is essentially absent in the thiotropolone-hCAII L198G complex. These observations indicate that steric congestion plays a significant role in the coordination geometry of tropolone to the hCAII active site.
The large dihedral angles observed when tropolone binds to hCAII and hCAII L198G indicates that the headon binding observed in the [(Tp Ph,Me )Zn(tropolone)] model complex is important for maintaining strong binding in the tropolone-protein complex. This importance of a large dihedral angle for binding does not appear to be the same for thiotropolone binding. The far from ideal dihedral angle observed with thiotropolone bound to hCAII and the minimal change in inhibition (Table 1) , coordination geometry, and dihedral angle in response to the L198G mutation strongly suggests that the sulfur donor atom enables the MBP to bind with a non-ideal geometry (dihedral angle). The DFT computations demonstrate that distortion of tropolone from head-on binding (i.e., φ = 180°, Fig. 1 ) to the metal center is more energetically disfavored compared to the corresponding distortion of thiotropolone (Fig. 7) . These results demonstrate sulfur donor atoms can enable MBPs to adopt 'non-ideal' dihedral angles without significant penalties in binding affinity. This is consistent with both 1,2-HOPTO and thiotropolone as they did not as significantly change coordination geometry or binding affinity between the hCAII and hCAII L198G enzymes.
The lack of change observed in dihedral angle and coordination geometry with thiotropolone and 1,2-HOPTO (O,S donor MBPs) when binding to hCAII and hCAII L198G is consistent with previous studies, where changes in coordination geometry and binding mode for 1,2-HOPTO were only observed when unfavorable interactions were introduced by derivatization of the 1,2-HOPTO MBP [38] . On the other hand, MBPs that bind only with O,O donor atoms, such as tropolone, are found to be quite sensitive to perturbations from the ideal coordination geometry, as highlighted by changes in the dihedral angle upon binding. This is manifest by tropolone being a significantly more potent inhibitor of hCAII L198G (Fig. 2) , where it exhibits a more idealized coordination geometry and a larger dihedral angle than when it binds hCAII. These difference in O,S and O,O donor MBPs to changes in protein active site composition will likely have important implications for their development into metalloenzyme inhibitors.
To improve the design of metalloenzyme inhibitors, an understanding of how the inhibitors interact with active site metal ions and the active site environment is needed. Sulfur donor atom MBPs often show higher activity against Zn(II)-dependent metalloenzymes than their oxygen-containing analogs, due to the thiophilicity of Zn(II) [39] . The results here demonstrate that strong coordination by sulfur may permit inhibitors to adopt more distorted dihedral angles while preserving strong bidentate coordination, without a substantial loss in binding affinity for the metal center. This may allow for better predictability in binding mode for these MBPs across different metalloenzymes. In contrast, the affinity of O,O donor set MBPs is more sensitive to deviations in coordination dihedral angle, which can cause their mode of binding to be more variable to preserve a favorable dihedral angle. This variability, as seen with the MBP tropolone, is dependent on the protein active site structure and second coordination sphere and may allow for these MBPs to better adapt to mutational changes in the metalloprotein active site. This study highlights that the choice of MBP for metalloenzyme inhibitors merits serious consideration, as donor atom identity can have effect on the introduction of other protein-inhibitor interactions, constraining the inhibitor to a specific binding geometry, and make the mode of binding more or less predictable and tolerant of active site mutations.
